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ABSTRACT 

Noncrystalline Si02 f i lms were deposited on 

various subs t ra tes  a t  l o w  temperatures and pressures 

by decomposing te t raethoxysi lane i n  an R.F. induced 

oxygen plasma, The rate of deposit ion was con- 

t ro l l ed  by physical adsorption; the apparent hea t s  

of adsorption of s i l i c a  on NaCl, P t ,  fused Si02, 

A l ,  and A1203 were determined. A mechanism f o r  

formation is presented. 

te t raethoxysi lane obeyed a first order r a t e  l aw,  

The spec i f i c  r a t e  constant was calculated a t  

31OOC and 250 microns pressure.  

The decomposition of the 
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Studies and u t i l i z a t i o n  of t h i n  f i l m s ,  both metallic 

and nonmeta l l i c ,  have experienced considerable g t a s th  i n  

the l a s t  decade. S i l i c a  films, i n  pa r t i cu la r ,  have en- 

joyed a multitude of applications. For instance,  masks f o r  

semiconductor devices or  dielectric capac i tors  for  minia- 

tu r ized  so l id  s ta te  c i r c u i t s  are conveniently formed with 

glassy s i l i c a .  

niques, (1) most of which necess i ta te  r e l a t i v e l y  high 

temperatures, The "glow discharge" method t o  be described 

f a c i l i t a t e s  the deposition of glassy s i l i ca  f i l m s  from the 

vapor phase a t  low temperatures and pressures  by the decom- 

pos i t ion  of tetraethoxysilane i n  an oxygen plasma. 

e t  a1 (2) and Ing and Davern ( 3 ) ,  f o r  example, have prepared 

amorphous s i l i c o n  oxide fi lms of unknown stoichiometry i n  

one form of the glow discharge technique. W e  have modified 

t h i s  technique by the use of a microwave glow-discharge. 

The effects of temperature, pressure, organic flow (evapo- 

ra t ion)  rate, and nature of the subs t ra te  on the rate of 

f i l m  growth are reported i n  t h i s  paper. 

S i l i c a  films can be formed by many tech- 

A l t  

EXPERIMENTAL 

Mate r i  a1 g 

Te t rae thoxysi l  ane , C2H50) 4Si , and t e  t rae thy si lane e 
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(C2H5) 4Si,  were obtained from Metallomer Laboratories, 

Maynard, Mass. 8 and were of > 98% puri ty .  

ARParatus 

The glow discharge apparatus consisted bas i ca l ly  of 

a modified bell j a r  which could be maintained af low 

pressures  under sustained gas flow, A schematic drawing 

of the f l o w  system i s  i l l u s t r a t e d  i n  Figure 1. Molecular 

oxygen w a s  admitted t o  t h e  system through a 0.003" pre- 

c i s i o n  bore cap i l l a ry  which was posit ioned between the  

l egs  of a mercury manometer. With a pressure d i f f e r e n t i a l  

of 770 m., the  incoming gas flow rate was experimentally 

determined t o  be 1,76 2 0.05 cm3/dnute. 

one inch i n  diameter served as the  glow discharge chamber. 

The e lec t rode less  discharge w a s  produced with a Raytheon 

PGM-10 Microwave Generator. This u n i t  could supply 100 

w a t t s  of microwave energy a t  a f ixed frequency of 2,450 

megacycles/sec. The R.F. energy, as generated i n  a mag- 

~?etrz?r,, vas transferred by a coaxial cable t o  t h e  antenna 

(labelled wave guide i n  Fig.1) f o r  diss ipat ion.  

A Pyrex tube 

The predominant specie formed i n  a low energy oxygen 

discharge has been iden t i f i ed  a s  atomic oxygen i n  the 

ground s t a t e  (4, 5)  . The energized species thus formed 

were allowed t o  flow in to  the  be l l  j a r  through a 0 .5"  
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diameter pyrex tube. By the  use of a nitrogen dioxide- 

t i t r a t i o n  technique (4 ) ,  it w a s  estimated t h a t  about 10% 

of the flowing molecular oxygen entered the  bell  j a r  a s  

atomic oxygen, Tetraethoxysilane (as  contained i n  a 

graduate cyl inder  immersed i n  a constant temperature bath) 

was introduced i n t o  the b e l l  j a r  through a 3/16" diameter 

pyrex tube under i t s  own vapor pressure,  A constant t e m -  

perature  bath could be maintained ins ide  an insulated t w o  

l i t e r  dewar f l a sk  f o r  long periods,  The metal-organic 

evaporation r a t e  (flow rate) a t  any p a r t i c u l a r  bath t e m -  

perature  could be a l te red  by adjust ing a one m i l l i m e t e r  

bore t e f l o n  stopcock, which served a s  the i n l e t  valve i n t o  

the bel l  j a r .  

I n i t i a l  experiments indicated t h a t  when the substrate 

w a s  maintained a t  temperatures below 18OoC, water w a s  

present  i n  the f i l m s .  (6) Two nichrome-wound furnaces were 

therefore  designed to  "contain" the gas react ion,  The 

rnaj~rity r?f the strrdierr were performed ins ide  an aluminum 

furnace 2-g" i n  diameter and 4" long, A fused s i l i c a  

cyl inder  1-3/8" i n  diameter and 2-3'' long was used asathe 

second furnace core. I n  each case, the top of the furnace 

was covered with a t r ans i t e  l i d .  The constant temperature 

zone f o r  these furnaces extended one centimeter above and 



b e l o w  the gas i n l e t  por t  w i t h  a m a x i m u m  r a d i a l  temperature 

var ia t ion  of 5OC f o r  points  one centimeter fram the 

cy l inder  axes . The substrate temperature was measured under 

deposit ion conditions with a ca l ibra ted  chromel-alumel thenno- 

couple. The corresponding furnace wall  temperature was 

noted and used i n  subsequent experiments f o r  temperature 

control  . 
The ultimate vacuum achieved i n  the glow discharge 

system was 240 microns with an oxygen flow r a t e  of 1.76 an3/ 

minute. 

Stokes McLeod gauge and did not inc lude  the p a r t i a l  pressures  

of condensable gases such a s  water. Two l i qu id  nitrogen cold 

t r a p s  were placed i n  the l i n e  leading t o  the vacuum pump 

i n  order t o  remove objectionable mater ia ls  from the system, 

A thermocouple vacuum gauge was employed t o  monitor the 

exhaust pressure on a continuous bas is ,  

Film Deposition 

Periodic pressure measurements were made with a 

Depending on the nature of a p a r t i c u l a r  experiment, the 

subs t ra te  on which a f i l m  was t o  be deposited was suspended 

from either a quartz  he l ix  balance o r  the furnace roof, 

Preliminary inf ra red  transmission s tudies  were conducted 

f o r  the purpose of ident i fying the f i b  deposited; wafers 

of NaCl and KBx were used as substrates .  The substrates 
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employed i n  the  k i n e t i c  s tud ie s  were hung from the fused 

s i l i c a  balance and were l imi t ed  i n  weight by the load ca- 

pac i ty  of the balance, which w a s  20 milligrams. For t h i s  

work, the desirable weight of a specimen was a r b i t r a r i l y  set 

a t  10 2 1 milligrams. The fused s i l i c a  substrates were of 

i r r e g u l a r  shape and approximately 0.75 cm. i n  diameter, 

A l u m i n u m  and platinum f o i l s  were avai lable  i n  the  form of 

one cent imeter  diameter pans. To examine the e f f e c t s  of 

A1203 on the deposit ion rate, an alumina (Lucalox) sub- 

s t r a t e  was prepared by grinding a wafer of the mater ia l  t o  

a thickness of 0.002". A sodium chlor ide disc one centimeter 
> 

i n  diameter was formed by the compaction of NaCl powder i n  

a die a t  12,000 pounds s q .  in .  pressure. 

W i t h  the exception of the sodium chloride subs t ra te ,  

the general cleaning procedure adopted consisted of the 

rapid dipping of the specimens i n t o  a 48% so lu t ion  of hydro- 

f l u o r i c  acid, followed by r ins ing  with d i s t i l l e d  water. A l l  

same manner - w i t h  their  wide dimension perpendicular t o  

the gas i n l e t  tube. (The t h i n  dimension is perpendicular 

t o  the i n l e t  tube i n  Figure 1). Approximately one hour 

was required for  the furnace t o  a t t a i n  thermal equilb- ' 
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brim. During the period when the furnace temperature w a s  

increasing, the system was purged with tank pu r i ty  oxygen 

gas supplied by the  Linde Company (assay 99.7% oxygen). The 

average dew po in t  of the gas w a s  determined t o  be -56OF 

(0.071 mg. water/liter) and w a s  r e l a t i v e l y  constant from 

cyl inder  t o  cylinder. When the furnace had reached thermal 

equilibrium, the  glow discharge w a s  i n i t i a t e d  with a spark 

coi l  and the substrate was bombarded with atomic oxygen 

for  10-15 minutes a s  an addi t ional  cleaning procedure. I n  

this work, the microwave generator w a s  operated a t  90% of 

i ts  rated power output. On opening the organic i n l e t  valve, 

approximately f i v e  minutes were required f o r  the system t o  

return t o  thermal equilibrium. The temperature var ia t ion  

the rea f t e r  w a s  l imi ted  t o  2 2OC. The t o t a l  pressure of the 

glow discharge system (excluding condensable gases) increased 

by about 10% and w a s  reproducible f o r  spec i f i c  organic evapo- 

r a t ion  rates. 

The lused s i l i c a  balance use6 i r r  this study had a 

s e n s i t i v i t y  of 1 cm/rng. 

Berkeley, California) A weight of one milligram caused an 

extension of 10.1 m i l l i m e t e r s  from zero, and 98.6 m i l l i -  

meters a f t e r  an appropriate load of 10 mg. (approximate 

subs t ra te  weight) . 

(Microchemical Spec ia l t ies  Co. 

A typ ica l  weight gain experiment would 
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extend the he l ix  by 1-2 m i l l i m e t e r s ,  Over t h i s  l imi t ed  

working range, the he l ix  extension pe r  un i t  weight gain was 

l inear .  

determine the cumulative weight of the f i l m  deposited. The 

telescope combined a 5 nun. diameter objective f i e ld  with a 

f i l a r  micrometer eyepiece containing a cross-line d i v i s i b l e  

t o  5,000 par t s .  The m i n i m u m  extension detectable  wi th  t h i s  

arrangement was 0.005 m,, w h i c h  corresponded t o  a weight 

gain of approximately 0.5 micrograms (or a 15 A l aye r  of 

S i O z  on a one cent imeter  diameter pan). Measurements were 

made every 5 o r  10 minutes for the  duration of the deposit ion 

period, which generally l a s t e d  from 1% t o  2 hours. 

coming gas flow r a t e  was  slow enough so t h a t  the subs t ra te  

was s t ab le  i n  the posi t ion perpendicular t o  the flow i n l e t  

tube. The damping period of the he l ix  w a s  p r a c t i c a l l y  in -  

stantaneous - no o s c i l l a t i o n  was observed under equilibrium 

conditions. A t  the end of an experiment, the volume of the 

A Bausch and Lomb Optical Reader was employed t o  

0 

The in- 

aietal-erqanic e v ~ ~ ~ z a + - e B  was measured t o  2 0.025 cm 3 . 

RESULTS AND DISCUSSION 

Gas Analvsis 

A quant i ta t ive  analysis of the gaseous react ion products 

w a s  made by mass spectrometry, The r e s u l t s  are  shown i n  

Table  1. The decomposition is  seen t o  produce extensive 
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amounts of w a t e r .  W i t h  an organic evaporation r a t e  of 

0.12 cm3/hr., the p a r t i a l  pressure of water f o r  a gas 

sample co l lec ted  from the  o u t l e t  system w a s  about 30 pe r  

c e n t  of the t o t a l  pressure. The water produced i n  this 

manner could be chemically incorporated i n t o  the oxide f i l m s  

when the  substrates were held below a c e r t a i n  temperature, 

which depended on the organic flow r a t e  ( 6 )  . For example, 

d t h  a (C2H50)4Si  evaporation r a t e  of 0.015 c m 3 / h r . ,  s i l i c ic  

acid was observed t o  form below 1 8 0 ° C ,  as  determined by 

in f r a red  transmission studies.  The acid exhibited a 

c h a r a c t e r i s t i c  absorption band a t  approximately 11 microns. 

I n  addition, the major Si-0 absorption mode was modified 

by a "shoulder" a t  approximately 8.5  microns. When the 

evaporation r a t e  was increased t o  0.15 cm3/hr., the presence 

of acid was observed a t  temperatures as high as 29OOC. 

F i l m  Evaluation 

The r e f r ac t ive  indices  of the s i l i c a ,  f i lms were measured 

as 1.458 2 -002. by the "Becke Line" method. Specimens 

were obtained from the subs t ra te  and/or gas i n l e t  tube. The 

index of re f rac t ion  f o r  high pu r i ty  s i l i ca  g l a s s  (supplied 

by the General Electric Company) w a s  measured as  1.458 - + 

,002, i n  good agreement with the f i lm values. The films 

w e r e  i so t rop ic  when observed with polarized l i g h t  and w e r e  
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amorphous by x-ray diffract ion.  

red absorption spectrum of a s i l i c a  f i l m  deposited on a 

N a C l  subs t ra te  with that  of fused s i l i ca  g l a s s  i s  shown i n  

Figure 2. 

f i ed  a s  a d e f i n i t e  Si-0-Si bond s t r e t ch ing  vibration. The 

band a t  800 cm-1 i s  not w e l l  understood, bu t  has of ten been 

associated with the occurrence of r ing  groups i n  the glassy 

s t ruc ture .  The major Si-0 s t re tch ing  mode f o r  the fi lm has 

sh i f t ed  t o  a somewhat lower frequency. A s imi la r  s h i f t  of 

the  same .absorption band has been reported f o r  samples of 

s i l i c a  g l a s s  which were highly stressed and densif ied by 

e i t h e r  the appl icat ion of very high pressures o r  by neutron 

i r r a d i a t i o n  ( 7 ,  8 ) .  Pl isk in  and Lehman (9) have shown tha t  

porosi ty  i n  the f i l m s  and bond s t r a i n  can a f f e c t  the spec- 

trum i n  the same manner. I t  is  a l so  possible  t h a t  a vari- 

a t ion  of the Si-0-Si angle or a change i n  the or ien ta t ion  

of s i l i c a  te t rahedra could occur during the  buildup of a 

s i l i c a  rietmrk 5y vzpor deprrsitinn and cause a s h i f t .  

A comparison of the infra-  

The in f r a red  band a t  1,080 cm-’ has been ident i -  

The r e l a t i v e  thickness of the  f i lms deposited on the  

f r o n t  and back faces of a one-inch diameter NaCl wafer w a s  

determined by measuring the area under the main inf ra red  

absorption band. The spectrum f o r  both f i l m s  was recorded 

and then re-examined a f t e r  one f i lm had been removed from 
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the w a f e r .  The area under the Si-0 band f o r  both f i l m s  w a s  

approximately twice the area recorded for  the s ingle  f i l m .  

I n  t h i s  way, the films were determined t o  be of approximately 

the same thickness, td ich  showed t h a t  the "silicon-oxygen 

specie" concentration i n  the gas phase immediately surround- 

ing  the substrate was r e l a t ive ly  uniform. The t h i n  s i l i ca  

f i l m s  (5,000 i) adhered w e l l  t o  a l l  of the substrates .  

F i l m s  th ree  microns i n  thickness w e r e  readi ly  deposited 

onto the aluminum, fused s i l i c a ,  o r  alumina substrates ,but  

spal led off  froin platinum f o i l  when the thickness exceeded 

about 5,000 A. This behavior could not be a t t r i bu ted  t o  the  

differences i n  the thermal expansion coef f ic ien ts  of the 

substrates .  Some of the f i l m s  w e r e  re-examined a f t e r  three 

weeks exposure t o  the  atmosphere. 

and inf ra red  absorption spec t ra  were unchanged. 

Kinetics of Deposition 

0 

The ref rac t ive  ind ices  

The decomposition of the (C2H50)4Si w a s  s tudied i n  a 

flmdng system maintained a t  250 - 10 microns pressure. By 

th i s  method, the reaction products were removed from the  

system and the secondary react ions were subs tan t ia l ly  re- 

duced. The effect of temperature on the deposition rate of 

the glassy s i l i c a  films w a s  studied w i t h  a constant organic 

evaporation r a t e  of 0.15 2 0.01 c m 3 / h r .  The e f f e c t  of minor 
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pressure var ia t ions was found t o  be negl igible .  For ex- 

ample when the t o t a l  gas pressure was increased t o  500 

microns (by the use  of a valve leading to the vacuum pump), 

no change was  detected i n  the r a t e  of deposition. However, 

any fu r the r  increase of the t o t a l  pressure rapidly decreased 

the r a t e  of depositkon due t o  (1) poisoning effects from 

the  react ion products and (2) an increased recombination 

r a t e  of the oxygen atoms i n  the bulk phase. 

brium conditions, the r a t e  of deposit ion was constant, as 

Under equili- 

shown i n  Figure 3. The var ia t ion  of the deposit ion r a t e  

w i t h  temperature could be described by the Arrhenius 

equation above 290OC: 

r = A exp (-H/RT) (1) 

whe re r = deposition r a t e  (mg/cm2/xnin.) 
A = a constant 
H = apparent heat  of adsorption -(kcal/mole) 
R = gas constant (1.99 cal/degree/mole) 
T = substrate  temperature (OK) 

The re la t ionship  between logarithm r and reciprocal  t e m -  

perature  i s  shown i n  Figure 4. The data  have been spread 

t o  show the temperature dependence of the  deposition rate 

on each substrate .  From t h i s  f igure,  it i s  apparent t h a t  

the deposit ion r a t e  i s  re la t ive ly  insens i t ive  t o  temperature 
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below about 29O0C. Above this temperature, the r a t e  de- 

creases with increasing temperature * I n  addition, the r a t e  

of deposit ion on sodium chkoride, fused s i l i c a ,  and p l a t i -  

num is  equivalent, b u t  d i f f e r e n t  from the  deposit ion rate on 

aluminum and alumina (for  a l l  p r a c t i c a l  purposes, the  

aluminum subs t ra te  can be considered a s  alumina, s ince a 

surface l aye r  of the oxide i s  always present) 

viously mentioned, s i l i c i c  acid was i den t i f i ed  a s  a major 

cons t i tuent  i n  the  f i l m s  formed below 29OOC when the organic 

evaporation rate w a s  0 A 5  cm3/hr. 

deposit ion rate noted i n  Figure 4 below approximately 29OOC 

can be associated with t h i s  acid formation. However, t h i s  

does not imply t h a t  the acid i s  formed on the substrate 

surface. Brady (10) has stated t h a t  both Si(OH)4 and 

Si20(OH)6 probably e x i s t  i n  the vapor phase when steam is 

equi l ibra ted  with a s i l i ceous  molecule a t  r e l a t i v e l y  high 

pressures  and Straub (11) has suggested t h a t  s i l i c ic  acid 

C B E  he fnm-ed in the vapor phase, I n  addition, B r e w e r  and 

E l l i o t t  (12) have proposed t h a t  S i ( O H ) 2 - 3 H 2 0  can e x i s t  as 

a v o l a t i l e  specie. I t  i s  conceivable, therefore,  t h a t  the  

s i l i c i c  acid observed i n  the present  study could be formed 

i n  the vapor phase. Since about 30% of the t o t a l  gas pres*- 

sure  of the  system was due t o  the water formed i n  the  

As pre- 

The r e l a t i v e l y  constant 
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decomposition process, it was apparent t h a t  the mixture of 

"silicon-oxvsen species" and water molecules o r  "hydrated 

sil icon-owqen species" bombarding the subs t ra te  surface 

was w e l l  i n  excess of the number which could be deposited. 

It is  proposed t h a t  a max imum adsorption of the  mixture 

occurs u n t i l  a temperature i s  reached when the incorporation 

of water i n t o  the f i l m  i s  thermodynamically unfavorable 

( in  t h i s  case, 29OOC). Above t h i s  temperature, s i l i c a  i s  

deposited. 

offered by the  work of Hockey and Pethica (13), who re- 

ported t h a t  the hydration of s i l i c a  made by burning Sic14 

i n  a hydrogen-oxygen mixture occurred as chemisorbed 

hydroxyl groups bonded t o  surface s i l i c o n  atoms. I n  their 

s tudies ,  the ourface hydroxyl groups could be removed from 

the s i l i c a  surface by heating i n  the range 200-4OO0C. 

Supporting evidence f o r  th i s  mechanism is 

The decrease i n  the deposit ion r a t e  above 29OOC is  

cha rac t e r i s t i c  of an adsorption-controlled process. 

&VI. +ha -1.- 4-a- ---- e n e r g  ----_ of the system t o  decrease, heat  must  be 

evolved, and the r a t e  of an exothermic process W i l l  gen- 

e r a l l y  decrease with increasing temperature. 

atomistic viewpoint, i n  t h i s  study, the "sil icon-owsen 

specie" could be imagined t o  possess a mean l i fe t ime i n  

which t o  select a s i t e  on the substrate  surface.  As the 

I n  order 

From an 
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temperature is  raised, more k i n e t i c  energy would be imparted 

t o  the specie, and the mean l i fe t ime f o r  adsorption would 

be decreased. Klerer (14) has proposed a s imi l a r  mecha- 

nism f o r  the deposition of organic polymer f i lms of s i l i c o n  

below 250Oc. 

The apparent hea ts  of adsorption of s i l i c a  g l a s s  on 

the various subs t ra tes  were calculated from the  slopes of 

the l i n e s  i n  Figure 4. A regression analysis  of the data  

w a s  made t o  determine the most probable s lopes and the 

standard deviations. 

s i l i c a  on the fused s i l i c a ,  NaC1,  and platinum subs t ra tes  

was calculated t o  be 12.7 kcal/mole, with a standard 

deviation of 0.2 kcal/mole. For the aluminum o r  alumina 

subs t ra tes ,  the apparent hea t  of adsorption was calculated 

t o  be 9.5 kcal/mole, with a standard deviation of 0.3 kcal/  

m o l e .  The magnitudes of the  hea t s  of adsorption are typ ica l  

of those reported f o r  physical  adsorption processes: e.g., 

the heat of adsorption of C02 on s i l i ca  qel i s  approximately 

7.1 kcal/mole; t h a t  of water on charcoal i s  about 10.0 

kcal/mole (15). 

The apparent hea t  of adsorption of 

I n  general, it may be s t a t ed  t h a t  the hea t  of ad- 

sorpt ion of the same adsorbate on d i f f e ren t  subs t r a t e s  i s  

approximately the same (16) . For multimolecular adsorption, 
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the i n i t i a l  substrate  surface i s  masked a f t e r  several mono- 

layers  of adsorbate have been deposited. For example, i n  

t h i s  study a l l  subsequent condensate w i l l  f a l l  on a S i O z  

l aye r  ra ther  than the or iginal  substrate  surface. For t h i s  

reason, the r a t e  of deposit ion on a l l  substrates  should be 

similar .  The difference i n  the apparent heat  of adsorption 

of s i l i c a  on the platinum, s i l i c a ,  o r  NaCl subs t ra tes  and 

the alumina o r  aluminurn subs t ra tes  is r e a l  and much l a r g e r  

than the l i m i t  of error imposed by the standard deviations.  

It was concluded t h a t  the nature of the aluminum oxide 

surface was responsible for the difference i n  the apparent 

hea ts  of adsorption observed. 

s i l i c a  t o  form a compound was  not considered, s ince the 

r a t e  of deposit ion of sil ica became constant soon after the 

metal-organic vapor was admitted t o  the react ion furnace. 

I n  addition, the r a t e  of such a react ion would probably be 

quite slow a t  300-400°C. 

The react ion of alumina with 

The chemical nature of a substrate  surface has been 

reported t o  influence a number of processes, even though 

the surface i s  covered With many molecular layers  of ad- 

sorbate. For example, a mica substrate  W i l l  a f f e c t  the 

c r y s t a l l i z a t i o n  behavior of ammonium iodide through a 

f i l m  of ce l lu lose  acetate  o r  rubber 1000 i n  thickness (17). 



TABLE I 

GAS ANALYSES 

Gas Outlet Sample Furnace Sample 

12 7 

30 23 

38 52 

20 18 

80 ,, /250 ,, * Trace 

Trace Trace 

Trace .I-. 

* Total gas sample pressure = 25011 
Part ia l  pressure of water = 80rr 
Part ia l  pressure of noncondensable gases= 

170 p 

(C2H50) 4 S i  evaporation rate = 0.12 cm3/hour 
Oxygen f l o w  rate = 1.76 m3/dnute  
Furnace temperature = 310 O C  
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A s imi la r  observation was made i n  the present  study when a 

potassium b r d d e  substrate  was used i n  place of a NaCl 

disc f o r  the iden t i f i ca t ion  of s i l ic ic  acid below 29OOC. 

Si l ic ic  acid inclusions were not detected by in f ra red  anal- 

y s i s  when the f i l m s  were formed on NaCl subs t ra tes  held a t  

29OOC ( fo r  organic evaporation r a t e s  up t o  1 cm3/inin0). 

Haever ,  under similar conditions of temperature and pres- .. 

sure,  b u t  with an a l te red  organic evaporation r a t e  of 

0.15 cm h o u r ,  s i l i c i c  acid was observed t o  form i n  the 

film deposited on a KBr substrate .  

s t r a t e s  were s ingle  c rys t a l s  and showed no evidence of 

water by inf ra red  analysis  p r i o r  t o  these experiments). 

From t h i s  experiment, it was concluded t h a t  the hydrophilic 

nature of the KBr surface could account f o r  the se lec t ive  

absorption of water i n t o  the s i l i c a  s t ructure .  

3 

(The NaCl and KBr sub- 

The adsorptive propert ies  of an oxide surface are 

usually dependent on the degree of hydration and the chemical 

state of the hydrated surface (when the adsorbates can form 

hydrogen bonds). 

hydroxyl groups and water molecules are held on the surfaces  

of y -alumina (18). In their work, the water molecules 

were desorbed on heating i n  a vacuum t o  40ooc, but  about 

40% of the surface area remained covered w i t h  hydroxyl 

Per i  and Harmon have reported t h a t  both 
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groups. 

the surface of the  alumina disc used i n  t h i s  study. 

A s imi la r  s t a t e  of hydration probably ex is ted  on 

I n  

the same way tha t  the KBr substrate adsorbed water, it i s  

proposed t h a t  a hydrated alumina surface would tend t o  in -  

corporate fur ther  hydroxyl groups i n t o  the s i l i c a  film. 

The adsorption of hydroxyl groups would account f o r  the 

difference i n  the apparent hea t  of adsorption observed with 

the alumina surfaces. 

Reaction Order and Specific R a t e  Constant 

The deposit ion ra te  of s i l i c a  was d i r e c t l y  propor- 

t i o n a l  t o  the concentration (evaporation ra te )  of t e t r a -  

ethoxysilane f o r  evaporation r a t e s  below 0.13 cm3/hour. 

This re la t ionship  i s  i l l u s t r a t e d  i n  Figure 5 for s i l i c a  

glass deposited onto platinum and aluminum f o i l .  For 

evaporation r a t e s  below 0.13 cm3/hour, it is evident t h a t  

the decomposition of the metal-organic obeyed a first 

order  r a t e  1& of the form: 

3 k = 2,303 1cc; Y 

t (a-1 

where k = spec i f i c  rate constant,  sec” 
t = react ion t i m e ,  sec. 
a = metal-organic evaporation r a t e ,  cm3/hr. 
x = metal-organic decomposition:rate, cm3/hr, 

For evaporation rates i n  excess of 0.13 cm3/hr., the sub- 

s t r a t e  area w a s  rate-limiting. 
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The maximum amount of te t raethoxysi lane which could 

be decomposed i n  the oxygen plasma w a s  not  determined i n  

this invest igat ion.  However, an indicat ion of the amount of 

te t raethoxysi lane decomposed could be obtained from the 

t o t a l  pressure of the  system. A s l igh t ,  bu t  progressive 

increase i n  pressure was noticed when the organic evapora- 

t i o n  r a t e  was increased from 0.13 cm3/hr. t o  0.16 cm3/hr. 

Hence, the amount of organic decomposed was not  ra te-  

l imit ing,  The deposit ion r a t e  on the alumina substrate  

was grea te r  than t h a t  on the platinum substrate  because of 

a var ia t ion i n  the "sil icon-owq en  specie" concentration 

(the volume of the fused s i l i c a  furnace was about one-third 

of that f o r  the aluminum furnace with the same organic flow 

r a t e ) .  

f i l m  deposited on the alumina substrate  would account f o r  

the difference i n  the slopes of the two l i n e s  i n  Figure 5,  

as  previously discussed, 

The incorporation of hydroxyl groups i n t o  the s i l i c a  

i n  orcier to appiy eqiiiatioii (2) tc 2 flw syntem; F r o s t  

and Pearson (19) redefined the time variable  as t = V/u, 

where V is the  volume of the react ion chamber and u is the 

gas flow rate .  The t i m e  var iable  V/U was  a measure of the 

time t h a t  a gas reactant  would spend i n  passing through 

the react ion vessel ,  I n  deriving t h i s  equation, it was 
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assumed t h a t  the r a t e  of the gas flow through the react ion 

chamber was constant and t h a t  the gases did not mix. An 

approximate value of the spec i f i c  r a t e  constant for the 

decomposition of tetraethoxysilane can be calculated from 

t h i s  l a t t e r  equation. The following assumptions were made: 

a) the r a t e  of gas flow through the furnace was constant 
b) gas mixing did not occur 
c) the t o t a l  reaction took place i n  the furnace 
d) the i n l e t  gas temperature was s imi la r  t o  the furnace 

e) the idea l  gas l a w  w a s  applicable t o  both oxygen and 
temperature 

te  t r a e  thoxysi lane 

These assumptions are not  unreasonable. The constant s i l i ca  

deposit ion rate would indicate  t h a t  the f l o w  r a t e s  were 

f a i r l y  constant. The reactant  gases were fed i n t o  the 

furnace through individual i n l e t  tubes and did not  premix. 

The r a t e  of deposit ion of s i l ica  rapidly decreased as  the 

substrate w a s  lowered in the react ion furnace, which showed 

t h a t  the react ion took place predominantly i n  the furnace 

vessel .  The i n l e t  gas temperature was s imi la r  t o  the fur -  

i n  the furnace was not  appreciable under flow conditions. 

For the temperature and pressure conditions of the experi- 

ment, oxygen does not  deviate appreciably from the idea l  

gas law. The oxygen flow r a t e  was much l a rge r  than t h a t  

of the metal-organic vapor, so t h a t  even i f  the idea l  gas 
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law were not obeyed by the l a t t e r ,  the effect on tjhe 

calculat ions involved would be minor. 

A calculat ion of the r a t e  constant was made f o r  the 

fused s i l i ca  furnace (Volume = 62.5 an3) f o r  an organic 

evaporation r a t e  of 0.12 m3/1mur. 

ethoxysilane decomposed was estimated from a knowledge of 

the reactant  products and t h e i r  respective concentrations. 

I n  view of the react ion products, it w a s  evident t h a t  the 

oxidation of the tetraethoxysilane was qui te  complete. 

From Table 1, the t o t a l  number of moles of oxygen combined 

a s  either carbon monoxide o r  carbon dioxide is seen t o  be 

s imi la r  f o r  the two gas samples; the amount of oxygen pre- 

sent  i n  each case would be eqrrhPalent i f  the condensable 

water vapor pressure was taken i n t o  account (02 = 12% based 

on non-condensable gas pressure, 0 2  = 8% inc luding  water 

pressure).  

oxygen consumed (including oxygen avai lable  from the t e t r a -  

5; AI-----: b.l.U&L~ -I&-.”, 2 -..ml *.& ..I +h -.- 
complete combustion of the te t raethoxysi lane according t o  

the analysis  i n  Table 1, it was estimated t h a t  85% of the 

te t raethoxysi lane was decomposed under equilibrium con- 

d i t i ons ,  

e r r o r  i n  the spec i f ic  r a t e  constant. 

The amount of tetra- 

By comparing the t o t a l  number of moles of 

= m ~ t ~ n t .  of oxygen required f o r  the 

A 10% e r r o r  i n  t h i s  estimate -kould cause a 37% 
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The t o t a l  gas flow r a t e  was calculated by assuming 

t h a t  the i d e a l  gas l a w  held f o r  both the oxygen and t e t r a -  

ethoxysilane. The gas f low r a t e  determined i n  t h i s  way 

w a s  1.96 cm3/’min. a t  25OC and one atmosphere pressure.  

This flaw r a t e  was corrected f o r  a temperature of 3 1 O O C  

(furnace temperature) and 250 microns pressure by the 

appl icat ion of Boyle’s law. The values -re then substi- 

tu ted  i n t o  Equation (2) and the spec i f i c  rate constant was 

calculated t o  be 5.85 sec.’l. I n  view of the assumptions 

required f o r  t h i s  calculat ion,  the limits of e r r o r  were 

estimated t o  be 2 5096, o r  k = 6 2 3 see.” a t  31OOC and 

250 microns pressure. 

Mechanism of F i l m  Formation 

I n  t h i s  study, the energy necessary for the decompo- 

s i t i o n  was supplied i n  the form of an oxygen plasma pro- 

duced i n  a glow discharge. The predominant specie fonned 

i n  an oxygen discharge has been iden t i f i ed  as  a t d c  

oxygerl in LL- LUG rjivurrd ---.-- pLQck -&-&a (4, 5 ) .  The hrrmngeneous re- 

combination of a t d c  oxygen i n  the gas phase is accompanied 

by the release of 59.1 kcal/mole of atomic oxygen (20) : 

it was presumed t h a t  t h e  amount of energy l ibera ted  when 

the oxygen atoms i n t e r a c t e d  with the metal-organic mole- 

cules  was of a s imilar  order of magnitude. 
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A mechanism for  the decomposition can be postulated 

from a consideration of the bond energies within the 

molecule and the reaction products. The tetraethoxysilane 

molecule can be represented as: 

R H H  
I 1 t 

R Si 0 - C C - H where R (C2H50) 
I I I 

R H H  

The bond energies involved are  taken from C o t t r e l l  (20) 

and are  as follows: 

S i  - 0 (108 kcal/mole) 
C - 0 ( 86 kcal/mole) 
C - H ( 96 kcal/mole) 
C - C ( 83 kcal/mole) 

Pram t h h :  data,  it was apparent t h a t  the S i  - 0 bond 

w o u l d  be the l e a s t  l i ke ly  to rupture. The C - 0 bond is 

comparatively weaker and rupture of t h i s  bond would free 

a C$i5 group. A t  the same t i m e ,  hydrogen could be detached 

f r a n  the molecule. Although the subsequent reactions are  

too numerous t o  l i s t ,  it i s  probable that  the following 

preliminary reactions are among those which occurred: 

c* + 0 + 02 + C02 + H20 (5) 

To determine whether the decomposition was influenced 
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by the chemical na ture  of the furnace vessel, experiments 

were conducted i n  both a fused s i l i c a  furnace (Volume = 

62.5 au3, Surface = 81 an2) and an aluminum furnace 

(Volume = 202 an3 ,  Surface = 181 an2) , The apparent hea ts  

of adsorption of s i l i c a  on an alumina substrate  were found 

t o  be similar ,  (See Figure 4). This indicated t h a t  the  

mechanism of the decomposition was  independent of the 

react ion chamber, I n  order to  establish whether thermal 

energy contributed t o  the decomposition ra te ,  two wei$ht 

gain experiments were conducted a t  4OOOC without a glow 

discharge and under both stat ic  and dynamic conditions,  

No decomposition or adsorption of the organic vapor occurred 

on a platinum substrate  during an e i g h t  hour period, which 

demonstrated t h a t  s i l i c a  was not  being deposited under 

these conditions , 

Ing  and Davern (3) have deposited s i l i c o n  oxide films 

of unknown stoichiometry by decomposing te t raethoxysi lane 

i n  zt g l ~ w  discharge sperate:! at 0.5 meqwvcle, -4 -- 

for  f i l m  growth was proposed, based on the high energy 

p a r t i c l e  bombardment decomposition of te t raethoxysi lane i n  

the gas phase t o  y ie ld  s i l i c o n  oxide clusters, It was 

thought t h a t  the c lus t e r s  were subsequently deposited onto 

a subs t ra te  surface and t h a t  any attached organic groups 

A mechanism 
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were then fu r the r  dissociated.  

Glassy s i l i ca  film were prepared i n  our s tud ies  by 

decomposing tetraethoxysilane i n  an argon plasma, 

index of re f rac t ion  of the f i lms was measured as  1.458 2 

The 

.OO2, i n  agreement w i t h  the  value f o r  s i l i c a  glass.  The 

infrared adsorption spectra  of these two noncrystall ine 

s o l i d s  were also s imilar ,  and exhibited a4sorption bands 
b 

a t  9.2 and 12.5 microns. This experiment showed that  the 

"silicon-oxyqen sPecie" w a s  d i r e c t l y  avai lable  from the 

organic molecule , Evidently the metal-organic molecule 

can absorb s u f f i c i e n t  energy t o  cause bond rupture and a 

"silicon-oxwen specie" is formed. The r a t e  of f i l m  

growth i n  the argon plasma was exceedingly slow: a f i l m  

of approximately 2,000 fi  i n  thickness was deposited a f t e r  

6 hours. This suggested #a t  the r a t e  of the decomposition 

w a s  dependent on the  sumultaneous oxidation of the mole- 

cule. However, the amount of energy t ransferred i n  an 

I n  order t o  ascer ta in  whether the "silicon-oxvsen 

specie" could be formed e n t i r e l y  i n  the vapor phase, te t ra-  

e thyls i lane,  (C2Hg)@., was decomposed i n  an oxygen plasma. 

I t  w a s  found t h a t  the s i l i c a  f i lms deposited i n  t h i s  man- 

ner  were indis t inguishable  from the s i l i ca  f i lms fonned 
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from (C2H50)@. 

adsorption spectra were s imilar :  the apparent hea ts  of 

adsorption on platinum were a l s o  the same, as determined 

frcm the temperature dependence of the deposit ion rate, 

which is shown i n  Figure 6 .  W i t h  a (C$i5)4Si evaporation 

r a t e  of 0.08 cm3/hour, the deposit ion r a t e  of s i l i ca  on a 

platinum f o i l  kept a t  306OC was 4.15 x 

Under s imi la r  conditions, the deposit ion r a t e  w i t h  

( C p 5 0 ) 4 S i  was 6.9 x loo4 mg/cm2 minute. 

s i t i o n  r a t e s  are  not  too d i f fe ren t .  It was concluded, 

therefore ,  t h a t  the "silicon-oxvuen specie" which formed 

the Si-0-Si network could be synthesized d i r e c t l y  i n  the 

vapor phase. 

i n  an argon plasma, it is reasonable t o  suspect t h a t  the 

main role of an oxidizing atmosphere was t o  remove the 

hydrocarbon port ions of the metal-organic molecule. 

The ref rac t ive  indices  and inf ra red  

mg/cm2 minute. 

These depo- 

Since the deposit ion of s i l i c a  was possible  

Based on the  foregoing experiments, the following 

-nb=-e:m mb..O..PIu is prcpzae8 fer the 9rW-h af B sil icon dioxide 

film: The metal-organic molecules and energized oxygen 

species e n t e r  the reaction furnace and col l ide.  As a 

r e s u l t ,  some of the metal-organic molecules absorb 

s u f f i c i e n t  energy t o  cause bond rupture. 

oxidation of the hydrocarbon port ions of the molecule 

A simultaneous 
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a s s i s t s  the decomposition process and "silicon-oxyqen 

species" are  rapidly fonned i n  the gas phase. 

i s  then imagined t o  possess a mean l i f e - t i m e  i n  which t o  

select a s i te  on the substrate  and became physically ad- 

sorbed, 

Each specie  

The Si-0-Si network i s  fonaed when addi t ional  

"silicon-oxvuen species" are  adsorbed, These species are 

not  necessar i ly  Si02 molecules, bu t  may correspond t o  "free 

radicals"  of the type S i O ,  SiO3, o r  SiO4, which are d i r e c t l y  

avai lable  from the organic molecule. The adsorbed "radicals"  

may then cross l ink ' . to  f o m  a network of s i04  te t rahedra,  

and the overa l l  composition of the f i l m  deposited would 

correspond t o  Si02, As previously mentioned, the re f rac t ive  

ind ices  and inf ra red  adsorption spec t ra  of a l l  s i l ica  f i lms 

deposited i n  t h i s  study were similar t o  the same propert ies  

of s i l i c a  g l a s s  formed by fusion and subsequent cooling. 

S i l icon  dioxide always forms a network, whether it is 

c r y s t a l l i n e  quartz,  c r i s toba l i t e ,  tr idymite,  o r  a glass ,  

It a p p a r s  that the network is structurally the ~ n g t  g+_*le 

f o m  of the sol id .  

CONCLUSIONS 

1, Non-crystalline S i O z  f i lms can be deposited a t  l o w  

temperatures by the decomposition of te t raethoxysi lane 
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i n  a gaseous plasma produced with a glow discharge. 

These films are s t ruc tura l ly  similar to si l ica  g la s s  

prepared by conventional fusion techniques, as evi- 

denced by their infrared absorption spectra  and 

re f rac t ive  indices .  

2. The decomposition of te t raethoxysi lane i n  an oxygen 

This water can be plasma produces extensive water. 

chemically incorporated i n t o  the oxide f i l m s  when the 

substrates  are  held b e l o w  a c e r t a i n  temperature, 

wfrich depends on the  organic f l o w  ra te .  

3. The decomposition of te t raethoxysi lane i n  an oxygen 

plasma obeys a f i r s t  order r a t e  law a t  250 microns 

pressure and temperatures near 3o0°C. 

4. The deposit ion r a t e  of s i l i c a  i s  d i r e c t l y  proportional 

t o  the (c$i5O)4Si evaporation r a t e  below a l i m i t i n g  

value, which is dependent on the avai lable  surface 

area o f  the substrate  and i ts  temperature. 

c a- :(L.) - t ,..It .x: Cr.- 
-I. & A l e  O ) . L I . L L U L L  UdLybJGLb D r G L A G 3  W&&&b.Lb L V L b U  = i l i c a  

network are  physically adsorbed by the substrate  below 

410OC. The apparent hea t  of adeorption of s i l i c a  on 

NaC1, P t ,  or  fused SiOz is 12.7 2 0.2  kcal/mole. 

apparent hea t  of adsorption.on A1203 o r  Al i s  9.5 - + 

0.3 kcal/mole. 

The 

The difference i n  the apparent heats 
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of adsorption i s  of s i l i c a  m o s t  l i k e l y  due to the in- 

corporation of hydroxyl groups i n t o  the s i l i c a  f i l m  

deposited on the ;lumina or  aluminum substrates. 
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Fisure Captions 

Figure 1, schematic Drawing of Glow Discharge Apparatus. 

Figure 2. Comparison of the Infrared Absorption Spectra 
of a Noncrystalline Silica Film Prepared by 
Vapor Deposition, and Fused Silica Glass. 

Figure 3. Linear Relation of Silica Deposition with Time. 

Figure 4. Relation of Logarithm Silica Deposition Rate 
and 1/T for Deposition on Various Substrates. 

Figure 5. Relation of Silica Deposition Rate and 
Tetraethoxysilane Evaporation Rate. 

Figure 6. Relation of Logarithm Silica Deposition Rate 
and 1/T for Noncrystalline Silica Fibs 
Prepared by the Vapor Phase Decomposition 
of Tetraethoxysilane and Tetraethyl silane. 
(Deposition on Platinum Foil). 
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Figure 3 .  Linear  Relation of S i l i c a  Deposition with T i m e .  
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